High productivity and specificity in anaerobic digesters arise because complex microbiomes organize into a metabolic cascade to maximize energy recovery and to utilize the advantage that the gaseous end product methane freely bubbles out of the system. These lessons were applied to ascertain whether a reactor microbiome could be shaped to produce a different end product. The liquid product n-caproic acid was chosen, which is a 6-carbon-chain carboxylic acid that is valuable and that has a relatively low maximum solubility concentration for product recovery. Acetoclastic methanogenesis was inhibited by pH control and a route was provided for n-caproic acid extraction by implementing selective, in-line recovery. Next, ethanol was supplemented to promote chain elongation, which is a pathway in which short-chain carboxylic acids are elongated sequentially into medium-chain carboxylic acids with two-carbon units derived from ethanol. The reactor microbiome developed accordingly with the terminal process catalyzed by chain-elongating bacteria. As a result, n-caproic acid production rates increased to levels comparable to anaerobic digestion systems for solid waste treatment.
INTRODUCTION
The most successful biorefinery platforms to convert carbon and energy in waste biomass to useful products are: (1) the sugar platform; (2) the syngas platform; and (3) the carboxylate platform. The name of each platform describes which intermediate compound(s) via hydrolysis are produced (Agler et al. ) . Mostly, these intermediates are subsequently converted to a useful end product in a downstream step. Among these platforms, the carboxylate platform employs an open, mixed culture of microbesthe reactor microbiometo break down complex polymers to monomers, and then to ferment monomers to short-chain carboxylic acids. These open cultures are advantageous because they remain functionally stable during invasions of outside microbes, circumventing costs for influent sterilization. In addition, the conversion of short-chain carboxylic acids to the useful end product can occur within the same reactor microbiome.
To date, the most successful industrial-scale application of the carboxylate platform is anaerobic digestion in which hydrolysis, fermentation, and methanogenesis occur in the same reactor microbiome. One reason for the success of anaerobic digestion is that most of the biodegradable substrate energy content and carbon is recovered as methane. In addition, two advantages contribute to consistent productivity and product specificity in a well-designed and stable anaerobic digester. First, microbes take advantage of differences in reduction state of carbon atoms in intermediate metabolites to step-wise convert them to methane. In the resulting metabolic cascade, multiple, parallel microbial trophic groups carry out sequential steps, lending to the robust nature of the system (Kleerebezem & van Loosdrecht ) . Second, intermediate metabolites are rapidly removed from the system because the terminal metabolite (methane) is gaseous, translating to automatic product recovery, no inhibition due to build-up of toxic metabolites, and subversion of competing pathways (e.g. esterification or elongation reactions). This microbial food web that consists of trophic groups with complementary metabolic capabilities and that produces a gaseous terminal metabolite creates a process that is efficient, stable, and adaptable to rapid changes in substrate composition or quantity (Werner et al. ) .
The effort to convert more complex waste substrates to carboxylic acids in a continuous process has always been limited in efficiency, apparently due to toxicity of the acidic products (Herrero et al. ; Canganella et al. ) . This is not surprising because in anaerobic digesters efficiency is achieved when methanogens rapidly alleviate product toxicity by these acids through product removal. Although the apparent solution to this problem is to extract the short-chain carboxylic acids in situ during their production, their hydrophilic nature had frustrated extraction efforts (Wu & Yang ) . Carboxylic acids with slightly longer carbon chains may circumvent this limitation. For example, n-caproic acid is a 6-carbon length, mediumchain carboxylic acid that is slightly hydrophobic (it is only soluble to a concentration of 10.19 g/L), making it a good candidate for in situ recovery with direct extraction into an organic phase. Therefore, converting short-chain carboxylic acids to n-caproic acid would enable product recovery followed by a reduction in product toxicity, and therefore an increase in efficiency. Most importantly, ncaproic acid is a versatile platform chemical because it can be converted to useful products, and at lower pH levels (in its undissociated form) it is known as a green antibiotic (Agler et al. ; Butkus et al. ) .
The major known pathway for n-caproic acid production is chain elongation, which is a reversed β oxidation pathway, where short-chain carboxylic acids (intermediates in the carboxylate platform) are elongated with two-carbon units derived from a reduced molecule such as ethanol. The bacterial catalysts oxidize a small portion (1/6) of the ethanol into acetic acid to obtain energy and use the intermediates in chain elongation as an electron acceptor. Examples of chain elongation-catalyzing bacteria, including Clostridium kluyveri (Seedorf et al. ) , have been identified ubiquitously in environmental metagenomic studies (Wirth et al. ) . In anaerobic digesters, the function of these bacteria is unlikely to be associated with chain elongation, but rather with β oxidation of reduced molecules. The central strategy, then, to ensure that reversed β oxidation (chain elongation of short-chain carboxylic acids) can compete with β oxidation is to create more reduced conditions. Indeed, reduced conditions were crucial when Steinbusch et al. () operated a bacterial catalysis step in which anaerobic digester-derived microbial communities produced n-caproic acid at relatively high rates. Their breakthrough occurred when feeding the communities with ethanol and acetic acid while inhibiting methanogenesis via a chemical agent (2-bromoethanesulfonate [BrES] ). The inhibition of all methanogens increased hydrogen partial pressures, thermodynamically inhibiting direct oxidation of the ethanol substrate and the medium-chain carboxylates (Zinder et al. ) . Apparently, only ethanol oxidation coupled to chain elongation was feasible under these conditions. Inhibition of all methanogens also made it possible to operate the bioreactor at a neutral pH, otherwise acetogenic bacteria coupled with hydrogenotropic methanogens, and acetoclastic methanogens would have removed all short-chain carboxylic acids. In addition, the resulting accumulation of medium-chain carboxylic acids occurred mostly in their dissociated forms at a neutral pH, circumventing toxicity problems, because acids in their undissociated form are known to inhibit microbial processes. Therefore, Steinbusch et al. () was able to achieve high n-caproic acid production rates and concentrations without in-line product extraction.
By using chain elongation as an end product formation step with in-line extraction instead of methanogenesis, stable metabolic cascades and automatic product removal could be utilized. This work describes the development of this process, which partly replaces the final methanogenic step in anaerobic digestion with chain elongation for n-caproic acid. First, chain-elongating microbes were given a competitive edge by inhibiting methanogens at a constant pH value of 5.5 without expensive chemicals. This pH level resulted in high enough concentration of undissociated carboxylic acids to deliver an innate toxicity to acetoclastic methanogens at the thermophilic temperature of the bioreactor. Next, a low-energy, two-stage, in-line product extraction (pertraction) system was implemented. Finally, to optimize the process and to drive high-rate chain elongation, ethanol was supplemented. But, promising n-caproic production rates only emerged after the reactor temperature was reduced from 55 W C to 30 W C. This resulted in production of nearly pure n-caproate from complex substrates at rates similar to anaerobic digesters.
METHODS
Batch assays for methanogen inhibition and elongation activity 150 mL batch bottle assays were used to measure the inhibition of thermophilic hydrogenotrophic (i.e. hydrogenutilizing) methanogens by toxic, undissociated n-butyric acid. The focus here was on eliminating hydrogenotrophic methanogens, because it is well known that acetoclastic (i.e. acetate-utilizing) methanogens are already inhibited below a pH level of 6.0-6.5. All batch reactions were carried out in triplicate. In short, in an anaerobic hood, 7.5 mL basal medium was added (described elsewhere (Agler et al. )), a predetermined amount of stock 1 mol/L n-butyric acid (to achieve the desired concentration in the batch bottle), 100 mmol/L 2-(N-morpholino)ethanesulfonic acid (MES) buffer to a total volume of 72.75 mL, 2.5 mL thermophilic sludge from a municipal wastewater treatment plant (Western Lake Superior Sanitary District, Duluth, MN), corrected to the correct pH at 25 W C (corresponding to 5.5, 5.75, or 6.0 at 55 W C), 0.25 mL Na 2 S was added, the bottles capped with butyl rubber stoppers and crimp caps, and each bottle flushed with nitrogen gas for 10 min. The bottles were incubated overnight with a 50/50 mixture of hydrogen/carbon dioxide until the methane headspace composition reached 10%. At this point the bottles were flushed with N 2 gas, 75 kPa of 50/50 H 2 /CO 2 was added, and the headspace was sampled periodically to record the rate of methane production. At the end of the run, the volatile suspended solids (VSS) concentration in the solution was measured to normalize methane production rates for the amount of biomass in each batch bottle. Methane production was intermittently monitored by taking small (<100 μL) samples of the headspace gas for methane composition measurement (Gow-Mac Instrument Co., Bethlehem, PA) and by measuring the reduction in pressure due to conversion of H 2 /CO 2 to CH 4 . The rate of production of CH 4 was calculated for triplicate experiments by plotting moles of CH 4 produced vs. time, and these rates were normalized to the amount of microbial biomass (using VSS as an estimator for biomass).
To ensure that CH 4 had not been produced from acetoclastic methanogens, gas chromatography (HP 5890 Series II) was used to evaluate carboxylic acid consumption before and after the experiment. No consumption was recorded during the experiments. Finally, to make the results comparable between different pH values, the rates of CH 4 production were calculated relative to the triplicate set with no added n-butyrate and were plotted vs. the concentration of undissociated n-butyric acid. Reported values are averages of the triplicates.
Reactor setup
In this study, two identical, glass, water jacket-heated, 5-L anaerobic sequencing batch reactors (ASBRs, Figure 1(A) ) treated dilute-acid pretreated corn fiber (a lignocellulosic substrate (Agler et al. a)) or ethanol beer from a dry milling corn kernel-to-ethanol plant (Agler et al. b) . The microbial biomass to inoculate the reactors was produced by dividing the contents of the identically operated reactor from a previous study (Agler et al. a) into two separate reactors and making up the balance with water. Mixing for the two reactors by biogas recirculation was performed every hour during which time automatic pH control via 5 mol/L NaOH or HCl addition occurred as it was needed (Eutech Instruments pH 800, Thermo Scientific, Vernon Hills, IL). The pH was maintained at 5.5. Excess biogas was allowed to freely vent through an air bubbler to the outside. Both reactors were fed substrate once every 2 days for ∼600 days at 1.92 g COD/L/day and a hydraulic retention time of 15 days. Before feeding substrate, supernatant was drawn off the reactor contents after allowing the solids in the reactor to settle for 1 h without mixing. To equalize the air pressure in the headspace of the reactor to the laboratory, and thus avoid air intrusion during effluent extraction, a manometer type system was used, which consisted of two columns of water connected by tubing, with one column open to the reactor and one to the atmosphere.
Product-specific extraction system
A solvent-based, two-stage extraction system was utilized for product-specific, in-line extraction of n-caproic acid on day 230 of the operating period. Our system was based on a similar system that used different solvents for n-butyric acid extraction from a pure culture fermentation process (Wu & Yang ) . Briefly, undissociated, hydrophobic acids (e.g. n-caproic acid) in the reactor were preferentially extracted into a 3% tri-n-octylphosphineoxide (TOPO)/mineral oil solution (via forward extraction hollow fiber membrane contactors) and recovered from this oil solution (via backward extraction hollow fiber membrane contactors) into an aqueous solution with a controlled pH of 9.0. Because of the resulting pH gradient (a pH of 5.5 in reactor to pH of 9.0 in recovery solution) and the use of a hydrophobic extraction solvent, product molecules that were weakly acidic and hydrophobic were selectively extracted from the fermentation liquor. One of the two reactors was designated as a control reactor (R c ) and one as the experimental reactor (R e ). In R c , only the forward extraction step was used to contact fermentation liquor with 3% (TOPO)/mineral oil solvent to control for any toxic effects with no further recovery (Figure 1(B) ). This forward extraction system was already utilized in both reactors starting on day 190 of the operating period. For the experimental reactor (R e ), the same forward extraction step was used and, in addition, a backward extraction/recovery step (Figure 1(C) ). For both reactors, a small settling basin followed by a flow-through drinking-water filter with a 5-μm filter was used to recover large solids ahead of the forward extraction contactor to prevent clogging of the hollow fibers. These solids were returned to the reactor from the basin and the filter daily and weekly, respectively.
Chain-elongating microbe selection
To improve the conditions for chain-elongating microbes that catalyze n-caproic acid production, two changes were made to both reactors. First, to ensure chain-elongating microbes were not substrate-limited, starting on day 358 of the operating period, both reactors were supplemented with ethanol by adding it to the feed mixture. The ethanol loading rate was gradually increased until on day 428, additions of 1.52 g ethanol/L/day were achieved. Second, thermophilic (55 W C) reactor temperatures were tested to determine if they allowed growth of chain-elongating microbes. To test this, small aliquots of biomass were collected from the thermophilic reactor on day 400 of the operating period and incubated with acetic acid, n-butyric acid, and ethanol (precursors of chain elongation) at 55 W C or at room temperature. Carboxylic acid content of the liquid fraction (filtered at 0.2 μm) of the incubations was subsequently measured with a GC (HP 5890 Series II) for evidence of chain elongation. Based on these studies, after maintaining a temperature of 55 W C for the first 477 days of the current study, the temperature was reduced, first to 40 W C (day 477), and then to 30 W C (day 500).
RESULTS AND DISCUSSION

Chain elongation and competition in an anaerobic environment
While inhibition of methanogens with BrES is effective, it is also expensive, and therefore impractical for a full-scale process. A promising alternative way to limit methanogens is to reduce the pH during reactor startup (at thermophilic conditions of 55 W C), causing a buildup of toxic, undissociated carboxylic acids. Ideally, a balanced approach to toxicity could inhibit methanogens and simultaneously allow the initiation of bacterial chain elongation activity. As an inhibitor, n-butyric acid was chosen, which is a 4-carbon chain carboxylic acid, because in previous work we reported on conditions to optimize its production, and here it was anticipated to accumulate in the reactors since it is a precursor of n-caproic acid (Agler et al. a) . Similar to other carboxylic acids, the pK a of n-butyric acid is 4.82, making it a good model to study inhibition of methanogens in reactors operated at a slightly acidic pH. In our approach using batch assays at thermophilic temperatures with stepwise increasing levels of undissociated n-butyric acid, it was determined that below pH 6, only ∼15 mmol/L is required for 90% methanogen inhibition (Supplementary Figure S1 , available online at http://www.iwaponline.com/wst/069/549.pdf). At pH 6, methane production occurred at considerably higher rates up to undissociated acid concentrations of 5 mmol/L, which may indicate that methanogens are better able to counteract the inhibitory effects at a pH nearer to neutral. Therefore, to inhibit methanogens and increase hydrogen levels, the control (R c ) and experimental (R e ) reactors were operated at a pH of 5.5. During the first 190 days of the operating period, the two thermophilic reactors performed nearly identically. Indeed, at pH 5.5, biogas composition in the reactors reflected nearly complete inhibition of methanogens, with around 40-50% of biogas as hydrogen and always <2% methane (Figure 2 ). Acetic and nbutyric acid dominated the carboxylic acid profile, although some n-caproic acid was measured (Figure 3) . It was expected that rates of chain elongation would increase, but during the first 190 days of the operating period, low levels of unutilized intermediate ethanol were consistently detected (Supplementary Figure S2 , available online at http://www.iwaponline. com/wst/069/549.pdf). The background n-caproic acid ( Figure 3) probably resulted from elongation reactions involving lactate, which were discussed extensively in our previous work and are not focused on here (Agler et al. a) . Because of the unutilized ethanol, it is likely that the high concentrations of the undissociated n-butyric acid as well as low concentrations of n-caproic acid (a very potent antimicrobial (Butkus et al. ) ) inhibited further chain elongation. This result is not surprising, since Steinbusch et al. () found that promising chain elongation occurred at higher pH levels where conditions were less inhibiting.
Balancing competitiveness and catalysis
To allow the desired microbes to overcome the inhibiting effects, it was hypothesized that a pathway was needed for escape of n-caproic acid. The hypothesis was based on an analogy to stuck anaerobic digesters where methanogens become inhibited and short-chain carboxylic acids accumulate, resulting in a cycle of increasing inhibition. Therefore, an in-line extraction (pertraction) system was integrated that was selective for recovery of n-caproic acid (Figure 1  (B) and 1(C) ). The in-line pertraction system selectively removed hydrophobic acids, resulting in nearly complete n-caproic acid recovery from the reactor, while only ∼50% of acclimated n-butyric acid and very little acetic acid was recovered (data not shown). However, the product profile did not differ appreciably between the two reactors with very little product diversion to n-caproic acid (Figure 3) . A shift in the product spectrum had been anticipated, because nearly 50% extraction of accumulated intermediates should have curtailed toxic effects. Instead, after day 200, the system suffered from even lower, limiting concentrations of the innately produced, intermediate ethanol that is required for chain elongation (Supplementary Figure S2) . At the same time, hydrogen and carbon dioxide production decreased significantly (Figure 2) , while methane and acetic acid production increased. Even though ethanol oxidation in the bulk reactor conditions was thermodynamically unfavorable ( Supplementary Figure S3 , available online at http://www.iwaponline.com/wst/069/549.pdf), it occurred in the unheated lines and filtration system that was part of the pertraction system (located outside of the bioreactor; Figure 1 Figure S4 , available online at http://www. iwaponline.com/wst/069/549.pdf). Despite cleaning the lines and filter, ethanol oxidation was not preventable.
The absence of required ethanol precluded our opportunity to specifically stimulate chain elongation. Therefore, procured ethanol was added. It was not a concern that too much of the added ethanol would be oxidized to acetic acid, because oxidation is dependent on carbon dioxide reduction to methane (Supplementary Results and Discussion). Carbon dioxide is produced in the carboxylate platform during primary fermentation reactions including pyruvate oxidation to acetyl-CoA by pyruvate decarboxylase (Rodriguez et al. ) . When carbon dioxide is consumed, it can only be produced by further substrate degradation, so its supply is intrinsically limited. Thus, in the presence of hydrogenotrophic methanogens and limited carbon dioxide, ethanol oxidation enables conversion of wasted carbon trapped in carbon dioxide into useful methane and thermodynamically prevents oxidation of intermediates and end products, with all carbon flowing to recoverable products (Supplementary Figure S5 , available online at http://www.iwaponline.com/ wst/069/549.pdf). In addition, the value of ethanol is relatively low compared with n-caproic acid, so feeding externally produced ethanol is likely to be viable.
Optimizing conditions for chain-elongating microbes
Ethanol supplementation, indeed, resulted in some conversion of the short-chain carboxylic acids to n-caproic acid. Product extraction rates in R e increased considerably because the more hydrophobic n-caproic acid could be extracted more efficiently. Presumably because of lower inhibition, R e then was able to convert more substrate and ethanol carbon to products compared to R c . However, the anticipated chain elongation rates were never achieved, and periodically a crash of the established elongation was observed. Next, batch activity assays were performed to analyze why product specificity had not reached higher levels than 11% n-caproic acid (based on COD) for R e (compared to 6% in R c ). Batch assays revealed that our thermophilic reactor microbiome did not catalyze chain elongation at reactor conditions, but only did when left at mesophilic temperatures for several days. Likely, microbes capable of chain elongation had existed in the thermophilic reactor and were enriched into the mesophilic external extraction system to catalyze chain elongation. This is why our batch tests of biomass from the extraction system had exhibited chain elongation activity (Supplementary Figure S4 ). This also explains why crashes of n-caproic acid productivity (i.e. day 264 and day 442) occurred after cleaning biomass from the filtration units and external lines. One explanation for the lack of chain elongation with ethanol at thermophilic conditions is that a thermodynamic bottleneck exists at one or several enzyme reactions in the reversed β oxidation at higher temperatures. To optimize conditions for the ethanol-utilizing chain elongating bacteria, the temperature of the reactors was decreased, first to 40 W C, and then to 30 W C. At 30 W C, a considerable and rapid increase in n-caproic acid production rates for both reactors occurred. As anticipated, R e achieved much higher rates (∼4× higher) and specificities than R c (32% vs. 18% n-caproic acid specificity based on COD, respectively; Figure 3) . Apparently, higher rates were limited by extraction rates because substrates for the terminal chainelongation process (acetic and n-butyric acids and ethanol) were still present in the effluent and unextracted n-caproic acid was elongated further to n-caprylic acid (an 8-carbonchain carboxylate; Figure 3 and Supplementary Figure S2) . Extraction system failure on day 560 demonstrated that extraction explained the superior R e because n-caproic and n-caprylic acid production rates decreased, while concentrations of n-butyric and acetic acids increased.
CONCLUSION
Here, we developed a system for liquid n-caproic acid production that employs two important characteristics of anaerobic digesters that explains high production rates. First, optimizing temperature and introducing procured ethanol to the system funneled intermediate carboxylic acid metabolites towards the end product via chain elongation. Second, a two-stage, n-caproic acid-specific product extraction system allowed rapid removal of the elongated end product. These characteristics may be fundamental to shape an efficient metabolic cascade (food web). The cascade included a diverse primary fermentation of the complex substrate (left over plant biomass, C5 sugars, and yeast cells) and parallel intermediate steps (i.e. ethanol oxidation and hydrogenotrophic methanogenesis) followed by a specialized group of microbes responsible for catalysis of a terminal process (chain elongation). It is also interesting that contrary to previous intuition, methanogenesis does not need to be completely inhibited. Instead, the vital step is inhibition of acetoclastic methanogens by low pH, preventing consumption of intermediates, while hydrogenotrophic methanogens can become limited due to a finite amount of carbon dioxide. Allowing hydrogenotrophic methanogens resulted in a positive outcome because the hydrogen partial pressure remained high enough, while carbon normally lost as carbon dioxide was recovered as methane. Despite improvements, n-caproic acid specificity was limited in this work to 32% because of limited product extraction rates. However, subsequent systems built based on this work (already published data) have demonstrated that higher extraction rates boost specificity up to 79% at rates similar to methane production rates in anaerobic digesters treating solid wastes (Agler et al. b) . Therefore, the results demonstrate the development of an efficient method of n-caproic acid production based on principles of anaerobic digestion.
